those without exposure to steroid hormones. This concept helps to understand the pathogenesis of idiopathic necrosis of the bone.
Introduction
Idiopathic necrosis of the femoral head is defined as aseptic necrosis of the femoral head that progresses to depressed deformity and results in arthropathy of the hip joint. This disease is difficult to diagnose until symptoms develop, even if the femoral head is already necrotized. Since deformity of the femoral head has progressed at the time of diagnosis, surgical therapy such as arthroplasty is often required. Therefore, an elucidation of the pathogenesis is needed for the establishment of guidelines for early diagnosis and for the development of new conservative therapeutic approaches. Epidemiological studies suggest that alcohol abuse and high-dose steroid hormones are closely associated with the development of the disease [1] . Chronic alcohol consumption affects the function of platelets, induces contraction of vessels, and results in the formation of thrombi [2, 3] . On the other hand, steroid hormones increase the expression of an antifibrinolytic molecule, plasminogen activator inhibitor-1, on vascular endothelial cells, and function as blood coagulants [4] .
These findings suggest that high-dose alcohol and steroid hormones may induce blood coagulation in vessels and result in subsequent tissue ischemia of the femoral head. Thus, we assume that hypoxic stress caused by tissue ischemia may be critical for the development of necrosis of the femoral head.
It remains elusive whether osteocytes become apoptotic during the process of necrosis of the femoral head. Since the histopathology has already progressed to the necrotic stage when symptoms develop, it is very difficult to confirm the nature of apoptosis that may have occurred before the necrotic stage in vivo. Therefore, in the present study, we analyzed gene expression in the process leading osteocytes to apoptosis, using a mouse cell line as an in vitro model. Cultured osteocytes were loaded with hypoxic stress with or without exposure to steroid hormones, and subsequently, the gene expression under these conditions was investigated using a cDNA array and real-time quantitative RT-PCR.
Materials and Methods

Cells
Murine long bone osteocyte Y4 (MLO-Y4) provided by Dr. Bonewald (University of Texas) was used. MLO-Y4 is an established cell line collected from the bone of transgenic mice carrying the osteocalcin gene [5] . The cells exhibit high expression of osteocalcin, but low expression of collagen type I or low activity of alkaline phosphatase. These characteristics signify mature osteocytes. Cells were cultured in alpha-modified essential medium ( ␣ -MEM; Gibco BRL, Gaithersburg, Md., USA) supplemented with 5% fetal bovine serum (Gibco BRL), 5% bovine calf serum (iron supplemented; HyClone, Logan, Utah, USA), 100 units/ml penicillin-G, 0.1 mg/ml streptomycin, and 2.0 mg/ml NaHCO 3 in 10-cm BioCoat Collagen type I dishes (BD Biosciences, San Jose, Calif., USA).
Exposure to Steroid Hormones and Hypoxic Stress
When cells covered about 70% of the dish surface, the dishes were left in a normoxic (20% O 2 ) or hypoxic (1% O 2 ) environment for 12 h. A Sanyo MCO-345 incubator (Osaka, Japan) and a low temperature O 2 /CO 2 incubator model-9200 (Wakenyaku, Kyoto, Japan) were used for culturing in the normoxic and hypoxic environments, respectively. For exposure to steroid hormones, culture supernatants were transferred to fresh medium supplemented with 1 ! 10 -5 M dexamethasone (Sigma, St. Louis, Mo., USA) prior to exposure in the normoxic or hypoxic environment. Since physiological concentration of cortisol in blood ranges from 1 ! 10 -7 to 4 ! 10 -7 M , the experimental conditions were considered exposure to high-dose steroid hormones.
RNA Extraction
Total RNA was extracted from cultured cells using an RNeasy Protect Mini-Kit (Qiagen, Valencia, Calif., USA).
cDNA Array Analysis Mouse Cancer cDNA Array Filter carrying 434 genes and Gene Navigator cDNA Array System (Toyobo, Osaka, Japan) were used according to the manufacturer's protocol. In brief, total RNA extracted from the cells was treated with DNase. Then, mRNA was isolated from the DNase-treated total RNA using a MagExtractor mRNA purification kit (Toyobo), and reversely transcribed to cDNA using the cDNA Amplification System (Toyobo). During the PCR amplification, the cDNA was labeled with biotin to be prepared as probes. The probes were hybridized to Mouse Cancer Array Filter at 68 ° C for 14 h, and the filter was washed, reacted with streptoavidin, and further reacted with biotin-labeled alkaline phosphatase. The filter was then subjected to a chemiluminescent reaction using a CDP Star kit (Toyobo), and expressed genes were detected using Flow Image Analyzer (BioRad, Hercules, Calif., USA). The expression levels were converted to numerical values using Imagene 4.0 software (BioDiscovery, Segundo, Calif., USA). For standardization, the ratio of the numerical value of each gene expression level to that of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) , was calculated. Values under the negative control (reaction to pUC plasmid DNA) were regarded as nonspecific. For a comparison between the normoxic and hypoxic conditions, Human Immunology version 1.0 software (Toyobo) was used. To exclude insignificant effects, the expression levels were considered to have changed only when the values were more than 2 times between the normoxic and hypoxic conditions.
Real-Time Quantitative RT-PCR
Total RNA (2 g) extracted from the cells was reversely transcribed to cDNA using an Omniscript RT kit (Qiagen). In this reaction, oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers (Invitrogen, Carlsbad, Calif., USA) were used. Real-time PCR was performed using an ABI PRISM 7900HT instrument (Applied Biosystems, Foster City, Calif., USA). Ten nanograms of cDNA and forward and reverse primers (5 pmol each) were mixed with 10 l of QuantiTect SYBR Green PCR reaction solution (Qiagen), and PCR was performed under the following condition: 50 ° C for 2 min and 95 ° C for 15 min, followed by 40 cycles of 95 ° C for 30 s and 60 ° C for 30 s. Specific primers used are listed in table 1 . In the real-time PCR, the expression levels were calculated after conversion to numerical values by SDS 2.0 software (ABI Prism) and were presented as ratios to the GAPDH expression level.
Statistics
Results of the real-time quantitative RT-PCR were presented as mean 8 standard error (SE). Mann-Whitney U test was used for statistical analysis. A p value ! 0.05 was considered to be significant.
Results
cDNA Array Analysis
Gene expression levels in MLO-Y4 (without exposure to steroid hormones) under the normoxic (20% O 2 ) and hypoxic (1% O 2 ) conditions were analyzed using a cDNA array. In the cultured osteocytes, the number of genes Table 2 . Genes upregulated in the hypoxic environment increased by the hypoxic stress was greater than the inhibited genes ( tables 2 , 3 ). Contrary to our expectation that the expression of many apoptosis-related genes would be altered in the hypoxic environment, only Bcl-2 and Bcl-x genes were listed up as reduced by the hypoxic stress ( table 3 ) . Since both Bcl-2 and Bcl-x are known as inhibitors of apoptosis [6] , we can suggest the possibility that hypoxia makes osteocytes sensitive to apoptosis. However, further investigation is needed to confirm this hypothesis; thus, we next performed real-time quantitative RT-PCR concerning apoptosis-related genes.
Downregulation of p53 by Hypoxic Stress in Osteocytes without Exposure to Steroid Hormones
Although the real-time quantitative RT-PCR also showed the tendency that expression of the antiapoptotic Bcl-2 gene was decreased in the hypoxic environment, the alteration was not statistically significant ( fig. 1 ). On the other hand, expression of the proapoptotic p53 gene was significantly decreased under the hypoxic condition. Expression of the proapoptotic Bax gene or antiapoptotic MDM2 gene was not altered by the hypoxic stress. The collective evidence suggests that 12-hour incubation in the hypoxic environment makes osteocytes resistant rather than sensitive to apoptosis. 
Upregulation of Bcl-2 by Steroid Hormones in Osteocytes under Normoxic Condition
Next, we examined whether expression of the apoptosis-related genes would be modified in osteocytes by exposure to high-dose steroid hormones in the normoxic environment. The expression of antiapoptotic Bcl-2 gene was increased significantly by exposure to dexamethasone (1 ! 10 -5 M ) ( fig. 2 ) . However, the expression of antiapoptotic MDM2 gene and proapoptotic p53 and Bax genes was not changed by exposure to high-dose steroid hormones. These findings suggest that stimulation by high-dose steroid hormones makes osteocytes resistant to apoptosis in the normoxic environment.
Downregulation of both Pro-and Antiapoptotic Genes by Hypoxic Stress in Osteocytes with Exposure to High-Dose Steroid Hormones
Finally, we determined the additive effects of the high-dose steroid hormones and hypoxic stress on the expression of the apoptosis-related genes in the cultured osteocytes. The expression of proapoptotic p53 and Bax genes and antiapoptotic Bcl-2 and MDM2 genes was downregulated significantly by the hypoxic stress in osteocytes with exposure to high-dose steroid hormones ( fig. 3 ) .
Discussion
Under hypoxic conditions, adenosine triphosphate production decreases due to impairment of mitochondrial oxidative phosphorylation. Consequently, compensatory energy production by glycolysis is activated. These changes increase the intracellular concentration of lactic acid and calcium, and then activate various degradation enzymes. As a result, prolongation of hypoxia induces necrosis of the cells. On the other hand, hypoxic stress also induces swelling and dysfunction of mitochondria, which subsequently results in apoptosis of the cells. The end result of apoptosis or necrosis depends on the degree and duration of hypoxic stress and cell types.
We hypothesized that ischemic tissue hypoxia induced by high-dose steroid hormones is critically involved in the pathogenesis of idiopathic necrosis of the femoral head. This disease is histologically characterized as aseptic necrosis of the bone; however, recent studies suggest that osteocytes become apoptotic in the process of necrosis of the femoral head [7, 8] . In the present study, we focused our analysis on the altered expression of the apoptosis-related genes, including proapoptotic p53 and Bax and antiapoptotic Bcl-2 and MDM2 , involved in the hyp oxia-induced, mitochondria-mediated apoptosis pathway [6] .
First, a comprehensive gene analysis was done using osteocytes cultured under normoxic (20% O 2 ) and hyp oxic (1% O 2 ) conditions for 12 h without exposure to steroid hormones. Among genes showing altered expression, antiapoptotic Bcl-2 and Bcl-x [6] , were downregulated by the hypoxic stress ( table 3 ) . Real-time quantitative RT-PCR also demonstrated the tendency that the expression of Bcl-2 gene was decreased in osteocytes subjected to the hypoxic environment; however, the altered level was not statistically significant ( fig. 1 ). On the other hand, expression of the proapoptotic p53 gene was significantly decreased under the hypoxic condition. These findings suggest that 12-hour incubation in the hypoxic environment makes osteocytes resistant rather than sensitive to apoptosis. This result appears not to correspond with the previous report, wherein hypoxic stress induces apoptosis in osteocytes [9, 10] . However, the difference in the duration of exposure to hypoxic stress between these experiments could contribute to the discrepancy in the results. Our experimental period (12-hour exposure to the hypoxic stress) was shorter than that of the previous report, suggesting that we observed earlier events induced by hypoxic stress. Thus, it is collectively suggested that osteocytes undergo apoptosis when the hypoxic stress persists longer. Second, we examined the effects of high-dose steroid hormones on the expression of the apoptosis-related genes in osteocytes cultured under the normoxic condition. The expression of Bcl-2 gene was increased significantly by exposure to dexamethasone (1 ! 10 -5 M ) ( fig. 2 ). On the other hand, expression of the proapoptotic p53 and Bax genes was not altered by exposure to high-dose steroid hormones. Since Bcl-2 inhibits apoptosis [6] , these findings suggest that osteocytes become resistant to apoptosis with exposure to high-dose steroid hormones under the normoxic condition.
Third, the combined effects of high-dose steroid hormones and hypoxic stress on the expression of the apoptosis-related genes in osteocytes were investigated. Results indicated that the expression of proapoptotic p53 and Bax genes and antiapoptotic Bcl-2 and MDM2 genes were downregulated significantly by the hypoxic stress in osteocytes with exposure to high-dose steroid hormones ( fig. 3 ). It is shown that Bax, the transcriptional target of p53, promotes the mitochondria-associated apoptosis in the p53-dependent pathway [11] , and that MDM2 blocks the p53 induction [12] . The collective evidence suggests that osteocytes exposed to high-dose steroid hormones appear to be more sensitive to apoptosis than those without exposure to steroid hormones when cultured in the hypoxic environment.
To test this hypothesis, we examined whether osteocytes would undergo apoptosis in the hypoxic environment with exposure to high-dose steroid hormones. Particular observation of the morphological changes suggested that 12-hour exposure to high-dose steroid hormones and hypoxic stress did not induce apoptosis in osteocytes in vitro. Although it could not be ruled out that the alteration of gene expression did not directly mean the changes in biological reaction, we considered our experimental period was short, such that osteocytes exhibited morphological alterations of apoptosis.
In summary, osteocytes treated with high-dose steroid hormones and cultured under hypoxic stress may be ready to undergo apoptosis, when additional apoptosisinducible factors exist. Under the pathophysiological condition in femoral head necrosis, compressive stresses in the hip joint may be one of such apoptosis-inducible factors. The pathogenesis of idiopathic necrosis of the femoral head can possibly be explained by this theory.
